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INTRODUCTION
Vascularized composite allografts (VCA) are transplants containing multiple tissue types (including bone, muscle, skin, nerves and blood vessels), which offer patients restoration of function and form following severe, disabling and disfiguring injury or tissue loss, in circumstances where the results of conventional reconstructive surgery remain unsatisfactory. The high incidence of episodes of skin-targeted acute rejection, and the morbidity associated with current immunosuppression regimens, necessary throughout the life of the recipient to prevent rejection, remain significant areas in which improvement would enhance quality of life, improve the risk-benefit ratio of VCA and ultimately expand availability of these procedures to severely injured service men and women, and civilian victims of disabling and disfiguring trauma or disease (Leonard et al, 2013) . The objective of the VCA laboratory at the MGH is to develop a clinically-applicable strategy for the induction of immune tolerance of VCAs. The aim of the work supported by this award is to introduce and optimize a protocol for VCA tolerance based on the principle of delayed induction of mixed chimerism in a non-human primate (NHP) model. This approach, in contrast to protocols which have already reached clinical trials for kidney transplantation, permits induction of tolerance in the context of transplantation from deceased donors -a prerequisite for clinical application in VCA. Successful induction of tolerance for VCAs using this protocol in NHPs can be expected to lead to rapid translation into clinical trials.
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Previous Task 1 Progress/Award Modification Request:
Task 1 Subtasks 2-4 was previously deferred and an award modification request submitted to the GOR for elimination to avoid duplication of work in identifying optimal immunosuppressive doses for this protocol. Animals from this deleted group (3 donors, 3 recipients) have been redistributed to the remaining experimental groups to avoid any negative impact on the significance of our results due to the slightly higher than predicted rate of technical complications in the first year. 
Award Modification Request:
Following the submission of our award modification request in February 2014 and approval in September 2014, 2 more upper extremity VCAs were performed but both were lost due to technical failures on POD 0 (M1214) and POD 22 (M4113). In view of this higher than expected technical complication rate in this model, it was decided to progress directly to the heterotopic partial face transplant model in Aim 3 Task 1 Subtask 2. We have had a much better technical success rate thus far (4/5, 80%) and have made important new findings necessitating a further modification request as detailed in subsequent sections of this report and in Appendices 1 and 2.
ii. Results
Investigation of delayed tolerance induction protocol for upper extremity transplantation in NHPs
M4113
Transplantation proceeded without complication and the modified transplant technique based on our experience from Year 1 of this award and our clinical experience (Eberlin et al, 2014) , led us to place the arterial anastomosis more proximally in the arm to achieve greater vessel caliber. This appeared to have been successful as the hand reperfused quickly following completion of the microsurgical anastomosis. However, the transplanted upper extremity VCA gradually started to demarcate and necessitated sacrifice and removal from the study at POD 22. We believe that this was a technical failure due to venous congestion which reflects both a threshold venous drainage through anastomosis with the cephalic vein, and the dependent position in which the NHPs tend to hold their arms.
M1214
The animal was the recipient of a hand transplant but was sacrificed intra-operatively. The transplanted hand was assessed prior to completion of the procedure -there was no bleeding observed on finger prick test of the VCA, muscle bellies appeared dusky and poorly perfused; the anastomoses were patent, but inflow was sluggish. Despite primary revision of the arterial anastomoses, there was still no improvement observed. Further extensive attempts to optimize perfusion (temperature, increased blood pressure, analgesia, vasopressors etc) were all to no avail and the decision was taken that recovery of the animal would be futile in the absence of clear signs of perfusion. The NHP was thus euthanized on table with IV 100mg/kg sodium pentobarbital and removed from the study.
By this point in the workflow for this award, we had encountered 4 out of 5 technical failures with this model and hence, the decision was taken to proceed with the use of the face transplant model from Aim 3 Task 1 Subtask 2 instead.
Investigation of delayed tolerance induction protocol for partial face transplantation in NHPs
Using our previously established screening and selection algorithm for donor and recipient NHP pairs, 5 face transplants (Barth et al, 2009 ) have been performed thus far during the period covered by the current annual report for this award.
M6014
Technically successful surgery and the animal survived for 107 days before euthanasia due to the weight loss criteria while on the 4 month delay period as per the original SOW. Despite multiple, various attempts including titration of immunosuppression dosages (MMF, tacrolimus) and various adjunctive medications including the use of mirtazapine after consultation with the veterinarian, there was no improvement in the NHP's diet in the hopes of promoting weight gain. At necropsy, the transplanted face VCA had a wellvascularized bone marrow component that could be clearly seen; the NHP Pathology report showed that the animal had developed post-transplant lymphoproliferative disorder (PTLD). In vitro investigations revealed that the animal's T cells in the VCA were ~85% recipient on POD 28 biopsy and ~100% at all protocol biopsy timepoints thereafter. The animal also experienced 3 acute rejection episodes on POD 28, 48 and 60 ( Figure 1A , B, C) that were all successfully treated and resolved with steroid pulses and at the time of euthanasia on POD 107, showed neither clinical nor histological signs of rejection in the VCA ( Figure 1D ). 
M7114
During closure on the day of surgery, the VCA showed a slight ooze and the decision was made to place a penrose drain (Figure 2A ) to promote drainage and prevent a hematoma from building up. The next day the VCA had stopped oozing but was cold to touch. Over the ensuing days, the flap demarcated and could not be salvaged due to the onset of necrotic, full-thickness loss ( Figure 2B, 2C) . The animal was therefore euthanized on POD 9 and venous congestion due to a technical failure appeared to be the primary cause of the flap loss and removal of the animal from the study. 
M6714
Technically straightforward procedure and is currently >60 days post-transplant with neither clinical nor histological evidence of rejection ( Figure 3) . The animal developed a suspicious looking lesion around POD 21 on the VCA itself (nearer to the inferior aspect) which was biopsied and treated presumptively as an episode of acute rejection with steroid boluses. Histopathology was reported as minimal inflammation with mild necrosis and without evidence of acute rejection on the Banff scale; serum allo-antibody was negative. Overall, given the clinical picture, it was most likely to be in keeping with mild trauma from scratching. The animal is otherwise clinically well, maintaining its weight, and is currently on triple immunosuppression while awaiting ACURO approval to initiate conditioning in preparation for bone marrow transplantation (BMT).
In vitro investigations showed a slight but insignificant anti-donor response by MLR assay, which is not unexpected as the animal is currently on immunosuppression and mixed chimerism had not been induced. Protocol VCA biopsies at POD 30 and 60 revealed that T cells in the VCA were ~100% recipient-origin by POD 30 and this level remained consistent thereafter, which supports our amendment request to initiate conditioning for BMT as soon as possible i.e. once it is clinically stable and has had sufficient time to recover from surgery, and there are no in vitro/in vivo evidence of rejection, infection, systemic compromise. 
M6914
Technically complicated procedure. Intra-operative blood loss of the donor was greater than usual and for the first time ever, we could not get sufficient donor blood ready for intra-operative transfusion of the recipient. It was also noted that the recipient animal had a prolonged run of low systolic blood pressure in the 50s that did not respond to intravenous fluid or vasopressor (dopamine) administration following increased sedation with isoflurane and ketamine that was necessitated intra-operatively because the animal was waking up mid-way through the microsurgical anastomosis. Upon completion of the transplant, extubation and recovery from anesthesia, the animal went into asystolic collapse and could not be revived despite 5 minutes of CPR.
Upon internal review, the cause of loss was attributed to a combination of anesthetic complication and underestimation of the intra-operative blood loss. We have since mandated, internally, insertion of an intraarterial femoral line for closer monitoring of the donor's intra-operative blood pressure, and to have a vascular access port inserted into the recipient prior to commencement of the recipient's part of the surgery so as to enable blood gas and CBC monitoring as required.
M6514
Uncomplicated procedure. This animal is the recipient of a partial heterotopic face transplant which is now 14 days post transplant. Animal is being maintained on triple immunosuppression and is awaiting conditioning for BMT on POD 60 (as per our amendment request). No episodes of acute rejection have been encountered thus far and the NHP is otherwise clinically well and with a viable VCA (Figure 4 ). This is our fifth face transplant and demonstrates that we are now able to reliably and consistently perform this procedure without major complications. 
Flow cytometric analysis of cutaneous leukocytes during delay period
As previously described, our laboratory is now equipped with the ability to investigate the infiltrating leukocyte populations in NHP models of VCA. Remarkably, in both face transplant NHPs that have survived beyond POD 30, results of VCA and host skin biopsies are consistent with the findings in our work in upper extremity NHP models in our first year of work i.e. an almost complete turnover of cutaneous leukocytes to that of recipient origin by POD 30 (Figure 3 ). This result mirrors that of our clinical human hand transplant patient who is currently on triple immunosuppression and has demonstrated a near complete turnover of skin resident leukocytes to recipient origin by 18 months post-operative. 
iii. Changes/Problems
Award Modification Request
We have submitted an award modification request on October 2, 2015 seeking approval to modify the delay period in all remaining experimental groups to 2 months from the original 4 months. This request originated following the clinical course of M4213 (upper extremity VCA in the first year) and M6014, when it became clear that acute rejection episodes tended to occur between 1 and 3 months post-VCA and due to a combination of high-dose immunosuppression required in this species and the immunogenicity of the skin component of VCA, it would be prudent to initiate recipient conditioning for bone marrow transplantation sooner to induce mixed chimerism for the withdrawal of immunosuppression.
Technical Failures
We attribute the technical failure of M7114 to the initial learning curve, and have learnt invaluable lessons from the unfortunate loss of M6914. We have shown that the changes that we have implemented -(i) invasive monitoring of blood pressure in the donor NHP so as to prevent on-table exsanguination from VCA harvest, will provide for an immediate source of whole blood that can be readily used for transfusion, if necessary, for the recipient, and (ii) immediate placement of a vascular access port for intra-operative monitoring of blood gas and CBC, which will provide the anesthetic and surgical teams with sufficient information of the recipient's clinical status to minimize the risk of surgery-related complications by enabling early transfusion and closer titration of intravenous fluids and/or vasopressors as necessary to ensure a smooth operative course and recovery. This is evident with a much less stormy procedure for M6514.
iv. Discussion
Translation of novel protocols for the immunologic management of patients undergoing restorative transplantation procedures requires the highest level of preclinical scrutiny, and demonstration of the safety and efficacy of proposed protocols in stringent model systems. NHP models are recognized to play a key role in this translational pathway. We have developed a NHP upper extremity transplantation model, and during this reporting period have commenced work utilizing this model to the investigation of delayed induction of transplant tolerance; a paradigm with potential application not only to reconstructive transplantation, but to transplantation of solid organs from deceased donors, which has already proven successful in similar NHP studies of kidney transplantation (Yamada et al, 2012) .
The successful execution of experiments of this type is critically dependent on the availability of suitable, high quality experimental animals from reliable vendors. We have established a reliable supply chain with Charles River Laboratories, and the development of a screening and selection algorithm to facilitate selection, shipping and quarantine of suitable animals in a timely manner in preparation as we progress through the experiments outlined in the statement of work.
While our award modification request is pending we have proceeded with further NHP face transplants to achieve the minimum numbers required for statistical significance of the experimental arm. Overall, we do not envisage any problems with completing the described work within the projected time period of this award.
With regard to experimental outcomes during this reporting period, further technical losses of hands transplanted to M4113 and M1214 was highly disappointing but we are encouraged with our technical success with the face transplant model thus far. While we work towards completion of the SOW for face transplants, we will take into consideration the intra-operative modifications that we have developed for application to further hand transplants in view of the potential differences in immunological outcomes between hand and face transplants due to innate differences between the skin of the facial and upper extremity regions. Certainly, if the face transplant model proves more reliable and consistent, we will not hesitate to request for approval for all remaining experiments to be performed using it. If so, we will also consider switching the hand transplant model from NHP (cynomolgus macaques) to baboons should the upper extremity VCA model remain important to our work because of the larger physical size of baboons which would translate to larger caliber vessels for a greater likelihood of technical success after VCA procedures.
As described in our previous annual report, incidences of acute rejection prior to conditioning and attempted tolerance induction is to be expected in this model. However, in view of the severity of some of these rejection episodes leading to irreversible VCA loss on POD 51, plus the systemic complications (e.g. PTLD) encountered during the delay period of 4 months, we believe that shortening to 2 months will allow sufficient time for adequate resolution of the peri-transplant inflammatory milieu whilst not subjecting the animal to the systemic sequelae of a prolonged period of high dose immunosuppression that may now, in retrospect, not be entirely necessary. This will hopefully enable BMT to be carried out sooner with engraftment and thus, stable mixed chimerism to allow complete withdrawal of immunosuppression.
In terms of in vitro studies, the finding that skin resident leukocytes undergo an almost complete turnover by POD 30 in NHPs reflects the importance of initiating conditioning for BMT at an earlier time point rather than at 4 months as described in the original SOW. In addition, this finding mirrors that of our clinical hand transplant patient and adds further credence to the utility of our NHP model in our VCA studies. Overall, these findings are consistent with our previous studies in a porcine model and it is hoped that important mechanistic insights can be derived as this project progresses and perhaps, the eventual development of novel topical therapeutic targets at the skin immune system.
KEY RESEARCH ACCOMPLISHMENTS
The following represent key accomplishments of this research during this reporting period:
-Optimization of the delayed tolerance induction protocol in non-human primates.
o By reducing the delay period from the original 4 months to 2 months, we are confident that the number of acute rejection episodes can be minimized or eliminated completely even. This is particular pertinent in view of our previous experiments where acute rejection led to irreversible VCA loss. In addition, decreasing the delay period will also reduce the overall duration of exposure to high-dose immunosuppression and the attendant risks of related complications such as PTLD and cachexia which can lead to irreversible weight loss and premature termination of the experiment.
-Optimization of the heterotopic partial face transplant procedure in non-human primates.
o Following the unfortunate loss of M6914 after recovering from anesthesia, we have implemented closer, invasive intra-operative monitoring of blood pressure through the placement of an intraarterial line in the femoral artery. Aggressive peri-operative preparation in the form of irradiated whole blood from the exsanguinated donor and recipient-typed blood from other experimental animals has ensured that blood transfusions are readily available as necessary for intra-operative support.
CONCLUSION
The induction of transplant tolerance for reconstructive transplantation would be of considerable benefit to civilian victims of disabling and disfiguring tissue loss, and of significant importance to military victims of upper extremity and/or craniofacial trauma. Currently, the necessity of life-long immunosuppression and regular medical monitoring would prevent recipients of restorative transplants (such as hand or face transplant) from returning to active duty, but a safe and effective protocol for induction of transplant tolerance holds the potential to fundamentally change this paradigm.
Introduction of novel protocols of this type to clinical practice clearly requires the highest degree of rigor during pre-clinical testing prior to translation to clinical trial. Consistent with this, research in large animal models is challenging, and unsurprisingly we have faced a number of challenges during this reporting period. However, despite this, progress toward our aims has been steady, the challenges met have been carefully analyzed and corrective action plans determined and implemented. Furthermore, improvements in our ability to isolate and analyze immunologically active cells from small volume skin biopsies is an important development which can be expected to facilitate significant insights into the mechanisms operational in VCA acceptance under immunosuppression, rejection and tolerance, as this project continues.
Overall, despite the obvious challenges encountered, we are encouraged by our overall progress during this reporting period, and expect to proceed apace during year three of this award. We expect that our analysis of the technical failures encountered, the immuosuppression-related complications encountered during the original four month delay period, and the lessons learned from this analysis, will facilitate rapid progress in future experiments. 
